Radial spokes (RSs) are multiprotein complexes regulating dynein activity. In the cell body and ciliary 1 matrix, RS proteins are present in a 12S precursor, which is converted into axonemal 20S spokes 2 consisting of a head and stalk. To study RS assembly in vivo, we expressed fluorescent protein (FP)-3 tagged versions of the head protein RSP4 and the stalk protein RSP3 to rescue the corresponding 4
Introduction 16
The 9+2 axoneme is a highly ordered molecular machine conferring motility to cilia and flagella. While 17 providing stability to several µm-long flagella of just 200-nm in width, the axoneme is flexible to 18 execute complex waveforms with ~100 hz. Mutant analysis and proteomic studies have identified a 19 broad repertoire of axonemal proteins, which are synthesized in the cell body and transported into the 20 cilia (Lefebvre and Silflow, 1999; Pazour et al., 2005) . How the cell body precursors of the axoneme 21 are transported and assembled remains largely unknown. Here, we study the assembly of radial spokes 22 (RSs), which project from the nine doublet microtubules toward the central pair and regulate the activity 23 of dynein by transmitting mechanical cues from the central pair (Oda et al., 2014) . Mutations affecting 24 the RSs result in paralyzed flagella (pf) phenotypes in protists Vasudevan et al., 25 2015) and cause primary ciliary dyskinesia in humans (Frommer et al., 2015) . The RS consists of ~23 26 distinct proteins with diverse functional domain including several protein-protein interaction and 27 signaling protein motifs Yang et al., 2006) . During ciliary assembly, RS precursors 28 move from the cell body into the growing organelle. Intraflagellar transport (IFT), a bidirectional motor-29 based motility of protein carriers has been implicated in RS transport but direct evidence is still missing 30 (Johnson and Rosenbaum, 1992; Qin et al., 2004) . 31 Certain axonemal substructures move into cilia in form of multiprotein complexes. Inner and 32 outer dynein arms, for example, are preassembled in the cell body into complexes thought to contain all 33 subunits present in the corresponding mature structures inside cilia (Fowkes and Mitchell, 1998 ; 34 Viswanadha et al., 2014) . Outer dyneins arms (ODAs) isolated from the cell body will dock at the right 35 sites onto the axoneme in vitro indicating that they are assembly competent and probably functional. In 36 contrast, RS assembly consists of two phases: First, a 12S complex is formed in the cell body and 37 transported into cilia (Qin et al., 2004) . Inside cilia, the 12S complex is converted into the mature 20S 38 complex and docked onto the axonemal microtubules (Diener et al., 2011) . During spoke maturation, 39 Lechtreck et 
RSP3 is a cargo of IFT 131
Next, we rescued the pf14 mutant by expression of RSP3 tagged at its N-terminus with mNeonGreen 132 (mNG); rescue was also observed for mScarlet-I (mS), mCherry (mC), and mTAG-BFP fusions (Fig.  133   5A ). Similar to RSP4-sfGFP, mNG-RSP3 is transported by IFT; its transport frequency is elevated 134 during flagellar regeneration, and most transports progressed uninterrupted to the flagellar tip (Fig. 5B) . 135
At the flagellar tip, mNG-RSP3 remained briefly stationary before the on-set of diffusion. In contrast to 136 RSP4-sfGFP, an extended stationary phase near the tip was not observed for mNG-RSP3 (Fig. 5B) . In 137 matings with pf14, mNG-RSP3 was incorporated along the length of the pf14-derived flagella; 138 incorporation was somewhat stronger in the distal flagellar region (Fig. S2) . 139
Biochemical studies in C. reinhardtii showed that RSP4 and RSP3 are both present in the 12S 140 RS precursor complex in the cell body (Diener et al., 2011; Qin et al., 2004) . To analyze whether these 141 proteins remain associated during transport and assembly, we generated a strain expressing RSP3 and 142 RSP4 tagged with different FPs by mating pf14 mC-RSP3 to pf1 RSP4-sfGFP. The zygotes initially 143 possessed two red and two green flagella (Fig. 5C ). At later time points, RSP4-sfGFP was readily 144 detected in the pf14 mC-RSP3-derived flagella whereas only traces of mC-RSP3 were observed in the 145 pf1 RSP4-sfGFP derived flagella (Fig. 5C ). The observation suggests that RSP3 and RSP4 in the wild-146 type acceptor flagella are exchanged at distinct rates with the tagged proteins. A strain expressing both 147 RSP4-sfGFP mC-RSP3 in the corresponding double mutant background was identified among the 148 progeny of this cross by TIRF microscopy and western blotting (Fig. 5D) . with newly imported entire RSs; the outcome will potentially inform on the stability of the RSP3/RSP4-154 containing RS precursor (Fig. 6A) . To distinguish between these two possibilities, the mC-RSP3 RSP4-155 sfGFP double strain was mated to pf1 and wild-type gametes. In wild type-derived flagella of such 156 zygotes, both RS proteins were visible near the flagellar tip indicative for a limited turnover of the distal 157 axonemal segment as previously reported for tubulin (Fig. 6B a, the signals representing mC-RSP3 in the mutant-derived flagella were generally weak including those of 163 late zygotes, which contained a near full complement of RSP4-sfGFP (Fig. 6B e) . Apparently, RSP4-164 sfGFP can be added to pf1 flagella independently of mC-RSP3 incorporation. The data favor a model in 165 which RSP4-containing head complexes are added to the preexisting spoke stalks of pf1 flagella (Fig.  166 6A. 167
168

IFT of RSP4-sfGFP requires RSP3 169
The observation that RSP4-sfGFP incorporates into pf1 flagella without the apparent exchange of 170 untagged RSP3 with mC-RSP3 could be explained by the transport of a RSP4-sfGFP complex 171 independently of RSP3. First, we wanted to ensure that RSP3 and RSP4, which are both present in the 172 12S RS precursor complex, are indeed co-transported. RSP3 and RSP4 are thought to be dimers in the 173 mature spokes and probably the 12S precursor (Wirschell et al., 2008) . While mNG and sfGFP tagged 174 version of RSP3 and RSP4 were readily detectable during transport, we were not able to detect mC-175
RSP3transport, which could be explained by the low brightness and stability of mC. During the course 176 of this study, mScarlet I (mS), a novel bright monomeric red fluorescent protein, became available (Bindels et10 al., 2017). Using mating, we generated a strain expressing mS-RSP3 and mNG-RSP4 in the 178 corresponding double mutant background (Fig. 7A) . While still challenging, co-transport of tagged 179 RSP3 and RSP4 was observed in regenerating cilia (Fig. 7B, C) . In 48 out of 60 analyzed IFT events, 180 mS-RSP3 co-migrated with RSP4-sfGFP including seven retrograde transports, six mS-RSP3 transports 181 lacked apparent RSP4-sfGFP, and for six mS-RSP3 transports it was unclear whether mNG-RSP4 was 182 associated or not. Co-migration of RSP3 and RSP4 was also observed in longer flagella, when only a 183 small share of the IFT trains carries RS proteins. The data support the notion that RSP3 is mostly in a 184 complex with RSP4 during IFT transport. However, we noted numerous mNG-RSP4 transports without 185 detectable co-migrating mS-RSP3 signal. The lack of mS-RSP3 signals is likely caused by technical 186 reasons, i.e., the comparatively low brightness and photostability of mS compared to mNG; also mNG 187 folds in <10 minutes while mS requires several hours to mature, which will prevent light emission from 188 mS-RSP3 newly translated during flagellar regeneration (Bindels et al., 2017; Shaner et al., 2013) . 189
However, the observation could be also explained by RSP3-independent transport of RSP4. either unspecifically or by transient interaction with the central pair (Fig. 7D b) . Finally, RSP4-sfGFP 197 often diffused inside the mutant flagella (Fig. 7D c, E) . The data indicate that some RSP4-sfGFP can 198 enter the flagella independently of RSP3. However, the incorporation of RSP4-sfGFP into pf1-derived 199 mutant flagella occurs in a pronounced tip-to-base pattern presumably because the protein is shuttled via 200
IFT to the tip, where it will be released and diffuse to nearby docking sites. We think that neither low 201 The current models of RS assembly assume that RSP3 and RSP4 present in a given 12S 255 precursor complex are not only transported together but also remain together during the conversion into 256 mature spokes. However, during the repair of the head-less stalks in pf1-derived flagella of dikaryons, 257 RSP4-sfGFP provided by the pf1 pf14 RSP4-sfGFP mC-RSP3 donor strain incorporated without a 258 matching incorporation of mC-RSP3. This pattern suggests that RSP4-sfGFP separates at one point 259 from mC-RSP3 and is then added onto the existing untagged spoke stalks of the pf1 axoneme. We also 260 observed that the incorporation of RSP4-sfGFP along the length of wild-type derived zygotic cilia 261 dissociate from IFT at the ciliary tip from where they move into the ciliary shaft by diffusion. Thus, the 286 distinct pattern described above could indicate that the RSP4-containing head complexes are assembly-287 competent once they leave the tip region and will diffuse and dock to the next available head-less stalk 288 they encounter. RSP3-complexes, however, need more time to mature and thus will diffuse deeper 289 down into the cilium before docking. 290
In summary, our data suggest that RSP3 and RSP4 enter cilia in a precomplex but separate into a 291 (GCGCTCGAGATGGTGAGCAAGGGCGAG) and mScarlet-r-BamHI 328 (CGCGGATCCCTTGTACAGCTCGTCCATGCC) were used to amplify mScarlet-I (mS) using a 329 template codon-adopted for expression in mammalian cells. For transformation, the plasmids were 330 digested with Xba1 and Kpn1, the ble-RSP4-sfGFP and ble-mNeon-RSP3 cassettes were gel purified, 331 and introduced into appropriate strains (CC-602 and CC-1032) by electroporation. Transformants were 332 selected on zeocin plates (10 µg/ml), transferred to liquid medium, and analyzed for restoration of 333 motility. Expression of FP-tagged RS proteins was verified by TIRF microscopy and Western blotting. 334
A strain expressing both RSP4-sfGFP and mCherry (mC)-RSP3 was obtained by mating the 335 corresponding single rescue strains in CC-602 (RSP4-sfGFP pf1 mt -) and CC-1032 (mC-RSP3 pf14 336 mt+). The progeny was screened by TRIF microcopy for expression of GFP and mC and Western 337 blotting was used to obtain pf1 pf14 RSP4-sfGFP mC-RSP3 double mutant double rescue strain. The 338 pf1 pf14 RSP4-sfGFP strain was isolated from the progeny of this cross. The pf1 pf14 mNG-RSP4 339 mScarlet-RSP3 double mutant double rescue strain was generated following the same strategy. 340
For Western blot analyses, cells in HSM were deflagellated by the addition of dibucaine. After 341 removing the cell bodies by two differential centrifugations, flagella were sedimented 40,000 x g, 20 342 minutes, 4 C°. Flagella were dissolved in Laemmli SDS sample buffer, separated on Mini-Protean TGX 343 gradient gels (BioRad), and transferred electrophoretically to PVDF membrane. After blocking, the 344 membranes were incubated overnight in the primary antibodies; secondary antibodies were applied for 345 90-120 minutes at room temperature. After addition of the substrate (Femtoglow; Michigan 346 Diagnostics), chemiluminescent signals were documented using A BioRad Chemi Doc imaging system. 347
The following primary antibodies were used in this study: rabbit anti-RSP6 (Williams et al., 1986) , 348 rabbit anti-RSP3 (Williams et al., 1989) , rabbit anti-GFP (A-11122; ThermoFischer), mouse monoclonal 349 anti-IFT172 (Cole et al., 1998) , and mouse monoclonal anti-IC2 (King and Witman, 1990) . 350
Live imaging was performed on a Nikon eclipse Ti-U equipped with a 60x NA1.49 TIRF 351 objective, 488-nm and 561-nm diode lasers (Spectraphysics), a dual view system (Photometrics), and an 352 EMCCD camera (Andor iXon3). Data were collected using the Nikon Elements software package and 353 exported into Fiji for further analysis including kymography and frame extraction. Contrast and 354 brightness were adjusted in Fiji and in Photoshop and all figures were prepared in Illustrator (Adobe). 355
Specimen preparation, TIRF imaging, and data analysis have been described in detail in (Lechtreck, 356 2013) and (Lechtreck, 2016) . were resuspended in M-N medium (7-10 ml/plate) and incubated overnight in constant light with 366 agitation; agitation was omitted for the RS mutants, which assembled cilia better without shaking. In the 367 morning, cells were transferred to 1/5M-N supplemented with 10 mM Hepes pH 7 and incubated for an 368 additional ~2-6 hours. Gametes of opposite mating types were mixed in a microcentrifuge tube and 369 samples for imaging were taken over a period of ~5 minutes to several hours. 370 wild-type (WT) or pf1. Shown are the sfGFP (a -e), mC (a' -e'), and merged (a'' -e'') images of life 441
